Explicit cues associated with food consumption when hunger prevails will enhance eating when they are subsequently presented under conditions of satiety. Here we examined whether contextual conditioned stimuli (CSs) paired with consumption of food pellets while rats were food-deprived would enhance consumption of this food in rats that were not food-deprived. The conditioning context enhanced rats' consumption of the training food, but it did not change their consumption of the familiar, lab chow. These results show that the contextual CSs, like discrete cues, could modulate food consumption in a CS-potentiated eating paradigm. Furthermore, the data suggest that CS-potentiation of eating does not induce a general motivation to eat, akin to hunger, but instead more likely produces a more specific motivational state, akin to craving.
Allentown, PA), with aluminum top and sides, and a transparent Plexiglas back and front. Dark blue Plexiglas was placed on top of the grid floor so rats could not see, or feel the grids. The chamber contained a recessed food cup (3.2 × 4.2 cm), and an opaque glass food bowl, 9 cm in diameter and 7 cm high, which was located at the opposite side of the chamber from the food cup. Dim background illumination was provided by two 25 W red bulbs, each placed 1.5 m from the chambers. Masking noise (60 dB) was provided by ventilation fans located outside the conditioning chambers. The experimental chambers were wiped with 1% acetic acid solution before each animal was placed in for training or testing sessions. Video cameras attached to videocassette recorders were placed in the back of the test chambers to record behavior during training and testing.
Behavioral training procedure
Rats were trained in a conditioned potentiation paradigm in which a behavioral chamber served as a contextual cue, and was paired with food consumption under food-deprivation. The training consisted of eight training sessions. Each training session started at 9 am (except session 5, which started at 8:30), and the training was conducted over a 3-h period, plus additional time lapsed before lab chow was given back. Rats were run in groups of 4 in a counterbalanced order starting with rats in the unpaired group. All rats were food-deprived for 20 h prior to each training session. For each training session rats were transported in their home cages from the animal colony room to the behavioral testing room that contained four identical behavioral chambers (conditioning context). Rats in the paired group were placed in the conditioning context with 7 g of training food pellets (formula 5TUL; Test Diets, Richmond, Indiana) in the food cup. After 10 min rats were taken out of the conditioning context, placed into the home cages and transported back to the colony room. Rats in the unpaired group were placed in the same context without food for 10 min, and then taken back to the animal colony room. After at least 30 min had passed from the training, rats in the unpaired group were given the training pellets in their home cages in the animal colony room. The amount of the training pellets given to the rats in the unpaired group was matched to the average amount eaten by the rats in the paired group in the conditioning context. After consumption of the training pellets by the rats in the unpaired group, all rats were given lab chow (18% Protein Rodent Diet; Harlan Teklad Global Diets #2018; Madison, Wisconsin) ad libitum for at least 24 h before they were deprived for the next training session. The rats in paired and unpaired groups, were matched for the time of the day they were trained, as well as the amount of time that lapsed between the training and the time lab chow was returned to the home cages. The amount of lab chow consumed in the first hour after the rats return to the cages was recorded. Two rats from the paired group failed to increase consumption of the training pellets in the conditioning context during the first half of the training, and were removed from the study.
After training sessions 6 and 8, all rat rats received food consumption tests in the experimental context after 3 days of ad libitum access to lab chow. All food consumption tests started at 10 am, and rats were tested in the same order as during training. For each of these tests, rats were placed in the conditioning context for 10 min with 15 g of the training pellets in the food bowl, which had been empty during training sessions. We tested food consumption in a receptacle and location other than that to which food had been delivered in training to minimize possible enhancement of food consumption due to conditioned food cup approach behavior, and to instead reveal food consumption due to conditioned motivational properties acquired by the context as a whole.
From the results of these tests, it was clear that a 10-min testing interval was insufficient to reveal differences in food consumption between the two groups. Thus, the rats then received a final set of three food consumption tests that were 20 min in duration, and which provided the primary data of this experiment. The tests occurred on the 5th, 7th and 12th day, after the training, while rats were maintained on ad libitum access to lab chow. For each of those tests, rats were placed in the conditioning context with 15 g of food in the food bowl. After 10 min, the rats were taken out of the conditioning context for a brief period of time during which any remaining food was removed quickly (to be weighed later), and replaced with an additional pre-measured 15 g of food. Then the rats were placed back into the conditioning context for an additional 10 min. On the first and third of these tests, the rats were tested for consumption of the training pellets. On the second test, consumption of a non-training, but familiar food (the lab chow) was assessed. Immediately after each test, the rats were returned to the animal colony and given access to food chow and water ad libitum. The amount of food chow consumption in the home cages in the first hour after each test was recorded.
Behavioral observations
On the last three training sessions all rats were placed into the conditioning chamber without food for 2 min immediately prior to the training session to allow measurement of conditioned responses. Observations were made from the videotapes by experimenters who were "blind" to group assignments. The observations were paced by auditory signals produced by metronome at 1.25-s intervals. At each observation, only one behavior was recorded. The primary measure of conditioning [conditioned responses (CRs)] was the percentage of time the rats spent expressing food cup behavior during the first 10 s. Food cup behavior consists of nose pokes into the recessed food cup, standing motionless in front of the food cup, or short, rapid, horizontal, or vertical head jerks in the vicinity of the food cup.
Statistics
Behavioral data were analyzed using ANOVA, followed by post hoc tests when appropriate. In all cases, p b 0.05 was considered significant.
Results
Food pellet consumption of the rats in the paired group increased across the training sessions ( Fig. 1 ). The rats in the unpaired group consumed all of the food pellets available in the home cage on each trial. There was no difference in lab chow consumption in the home cages or body weight between rats in the paired and rats in the unpaired groups during training (Table 1) . On the last day of training, rats in the paired group spent significantly more time in the food cup during the initial test period before food was placed in the chamber than rats in the unpaired group (paired: 14± 3%; unpaired: 4 ± 2%; F(1,20)= 6.703, p b 0.02).
The primary data of this experiment are the results of the final three consumption tests (Fig. 2 ). In each of the 3 test sessions, rats were presented with a food substance in the bowls (which had been empty in training). In the first test, rats were presented with the training food pellets. Rats that were previously fed these pellets in the conditioning context under food-deprivation (paired group) consumed significantly more food pellets than the rats that were never fed in the context (the unpaired group) [F(1,20) = 5.013, p b 0.04]). This finding is consistent with previous studies that showed CS-potentiated food consumption with explicit CSs [2] [3] [4] [5] [6] [7] . In the second test, rats were presented with a familiar food different from the training pellets, standard lab chow. In contrast to the first test, both groups of rats consumed similar, small, amounts of this familiar food [F(1,20) = 0.114, p = 0.739]. Then, we re-tested rats with the training pellets in the third test to determine whether the lack of potentiation observed in Tests 2 was due to specificity of the potentiation observed in Test 1 or simply an extinction of that potentiation. In that test, the pattern of food consumption was very similar to the pattern in the first test. Rats in the paired group consumed significantly more training food pellets compared to the amounts consumed by the rats in the unpaired group [F(1,20) = 4.671, p b 0.05]. These results show that the conditioning context potentiated eating of the training pellets, but did not influence consumption of another, familiar food under the same circumstances. These results suggest that cue-driven enhancement of food consumption is selective and specific to the food US.
We also measured food chow consumption in the home cages in the first hour immediately after these tests and found no difference between the amounts consumed by rats in the paired and unpaired groups ( Table 2) .
The cue-potentiated eating effect was more consistent during the second 10-min period of the consumption tests than during the first 10-min period ( Table 3 ). Rats in both paired and unpaired groups ate large amounts of the training pellets in the first 10 min of the tests, both in the final 20-min tests and in the initial 10-min tests that were interspersed with training sessions ( Table 3 ). The amounts consumed in the first 10-min period did not differ significantly between groups in any of the test sessions. By contrast, for the 20-min test sessions, pellet consumption was significantly greater in the paired rats than in the unpaired rats, both over the entire 20-min test interval (described previously) and in the second 10-min test period alone (Test 1: 
Discussion
There are two main findings in this study. First, we showed that contextual cues could serve as conditioning cues to powerfully stimulate eating in a cue-potentiated eating paradigm. As in previous studies with discrete CSs, the enhancement of food consumption observed in the paired rats in this experiment was likely due to associative learning, rather than some non-specific effects of exposure to the context or food pellets. Rats in the unpaired control group had similar exposure to both the conditioned context and pellets, but those exposures were not paired. Moreover, because the testing was conducted at a time of day more comparable to the time when the unpaired rats had received food pellets during training, the greater consumption in the paired rats is not easily attributable to circadian entrainment of feeding. Nor was the learned context-induced enhancement of eating simply a consequence of the animals learning to approach the food cup, because during food consumption tests the foods were presented in a food receptacle that was different in appearance and location from the food cup used in the training. Thus, cue-driven enhancement of food consumption is a consequence of motivational properties acquired through Pavlovian conditioning [4] .
Although their test consumption of food pellets was markedly less than that of the paired rats, compared to rats in our previous studies of potentiated feeding with discrete auditory cues for food, the unpaired rats ate surprisingly large amounts of pellets in the test session, despite their free access to lab chow in their home cages. This moderately high level of consumption might reflect a number of influences independent of context-food pairings, including for example, circadian effects (mentioned earlier), the relatively high palatability of the food pellets overcoming the satiety produced by free access to lab chow in the home cage, and learning effects produced by simple exposure to the food pellets while food-deprived in training. Sensory properties of the pellets could have become learned cues for positive post-ingestive consequences during the course of the training when rats consumed these pellets in their home cages. Thus, the consumption of the rats in the unpaired group might reflect a CS-potentiation of eating, solely depending on sensory characteristics of the food pellets themselves. Nevertheless, as shown in Fig. 2 , in Group paired the conditioning context enhanced food consumption beyond the consumption driven by any of these other factors in Group unpaired.
Second, we demonstrated that cue-enhanced eating is relatively specific to the food US. Sated rats showed enhanced food consumption in the conditioning context only when presented with the training pellets, but not when presented with another, familiar food. This finding suggests that the mechanism by which the CS enhances eating does not involve solely the induction of general motivation to eat, akin to hunger. Instead, the cue-induced conditioned motivation to eat was highly specific to the food US, perhaps similar to appetite or craving.
However, other factors may also have contributed to this specificity. First, the low levels of consumption of the familiar lab chow in testing might also reflect inhibition of eating due to sensory-specific satiety [9, 10] . Rats were allowed ad libitum access to lab chow in their home cages prior to all tests, which in turn could have masked a possible contextual-driven potentiation in tests with lab chow. This possibility is consistent with the low levels of lab chow consumption observed in both paired and unpaired rats. However, in our previous studies we showed that 1-h ad libitum access to the training pellets does not eliminate CS-driven potentiation of eating (e.g., [5] ), although the overall eating baseline was much lower in those studies than in the current experiment. Furthermore, in unpublished experiments similar to the current study, we found that rats in paired and unpaired group also consumed similar, small amounts of another food that differed from both the training and home-cage foods. Thus, although sensory-specific satiety may have contributed to the overall low consumption of lab chow in consumption tests by all rats, it is unlikely that it selectively masked context-driven enhancement of consumption of the rats in the paired group.
Second, it might be argued that the selective cue-driven enhancement of consumption observed here reflects an inhibition of the consumption of the alternate food due to novelty or surprise. Although the lab chow was highly familiar to the rats, its presence in the conditioning context (in a single test) could be considered a novel or surprising event. If the consumption of food chow was indeed modulated by surprise/novelty one would expect 1 and 3 , which were 20-min in duration and were administered 5 and 12 days after training, respectively, is shown separately for the first and second 10-min periods. An asterisk indicates statistical significance of the difference between paired and unpaired rats (p b 0.03).
differential consumption by rats in the paired and unpaired groups due to their different acquired expectancies. During the training rats in the paired group were fed training pellets, while rats in the unpaired groups were never fed any food in the conditioning context. However, rats in the paired and unpaired groups consumed similar amounts of lab chow during the test in the conditioning context. These results suggest that the consumption of the familiar food during tests in the conditioning context reflected mainly the rats' deprivation state, rather than some combination of cue-and surprise-induced processes. The current study is the first to use a context as a cue in a cuepotentiated eating paradigm. It is valuable to contrast the present results with the findings of another study that also employed contextual cues and learning to stimulate food consumption in sated rats. Roitman et al. [11] removed sated rats from their home cages and placed them in one of two distinctive contexts for 12-h trial periods. In one context, food was freely available and in the other, no food was available. After five trials of each type, food was placed in both contexts, and consumption was evaluated in either the context in which the rats had previously received food or the context in which they had not received food. Rats consumed significantly more food if they were tested in the context in which they had previously not received food than if they were tested in the previously food-paired context. Roitman et al. [11] attributed this outcome to enhancement of food consumption by surprise, the violation of a no-food expectancy.
At first glance, this result seems opposed to ours: we found rats ate more in the conditioning context if it had been paired with food than if it had been associated with the absence of food. However, it is notable that in our study, food-deprived rats were exposed to the conditioning context for brief periods (10 min) in training, whereas in theirs, food-sated rats were exposed to the experimental contexts for long periods (12 h) in training. Thus, in our study, for the paired rats, the conditioning context was associated with the consumption of relatively large amounts of food amounts in brief time periods, and a reduction in the food deprivation state, and for the unpaired rats, the context was not associated with either of these consequences. By contrast, in Roitman et al.'s [11] study, the food-paired context was likely associated with maintenance of food satiety and slow rates of consumption over long time periods, and the no-food context with substantial increases in food deprivation. Thus, it is possible that these food-paired and food-unpaired contexts influenced eating in the consumption tests in part by inducing conditioned states of satiety and hunger, respectively [12] [13] [14] [15] . It is interesting to speculate that eating stimulated by violations of food expectancy and/or conditioned motivational states in procedures like Roitman et al.'s [11] might involve induction of a general motivational state, similar to hunger, whereas the cue-enhanced consumption we observed is specific to the conditioning food, and involves a conditioned specific appetite or craving.
Similarly, cue-induced conditioned motivation and the consequent enhancement of eating might involve brain circuitry distinct from the circuitry recruited by more general (hungerlike) conditioned motivation. Within this context, Roitman et al.
showed that dopamine plays a critical role in food consumption stimulated by an unexpected cue [11] , in agreement with previous evidence for the role of dopamine in signaling errors in reward prediction [16] . Likewise, numerous studies link dopaminergic brain systems, including the nucleus accumbens (ACB), to motivation and food reward (for reference reviews see [17] [18] [19] [20] [21] ). Currently there is no evidence for whether dopamine is critical in cue-potentiated feeding. Interestingly, the ACB does not seem to be recruited by the circuitry that mediates cue-potentiated feeding [22, 23] . On the other hand the BLA-lateral hypothalamic (LHA) system, which is critical for cue-induced consumption [5] is also needed in ACB-dependent, μ-opioid induced consumption of fat [24] . Thus, distinct subcircuitries might be recruited within a larger common system, depending on whether the processes that underlie general motivation to eat, motivation for highly palatable foods, or selective cuedriven consumption are activated. Clearly more work is needed to further elucidate the exact circuitry and mechanisms that mediate the control of food consumption by different aspects of learning.
The current study provides evidence that mechanisms by which Pavlovian CSs stimulate eating might involve specific motivational states, similar to craving. Unfortunately, there is no consensus definition of food craving, especially in animal models [25] . Nevertheless, in addition to the selectivity of cue-enhanced eating, there are other parallels between cue-induced consumption and food craving. For example, craving for food can be elicited by exposure to food cues [25, 26] , and cue-elicited craving is associated with binge eating (for reviews see [27, 28] ). Indeed, in our preparation, cue-induced enhancement of eating could be considered binging-sated rats consume large amounts of food pellets in a very short period of time. Most notably, a recent human study showed that in restrained eaters food cues elicited specific appetite/craving for the cued food, rather than a general desire to eat any food [29] . And importantly, restrained eaters' craving for the cued food was correlated with intake, as they consumed more of the cued food [29] .
There is also commonality in the brain systems that mediate cue-enhanced feeding and brain areas activated in humans by cues for preferred and/or craved food. Most notably, the amygdala, which is critical for cue-enhanced eating, is also activated in sated humans while viewing names of preferred versus neutral foods [30] , and while thinking of the sensory properties of food that is liked or craved [31] . Finally, parallels have recently been drawn between brain systems and mechanisms that mediate food reward learning and those that mediate drug addiction [32] [33] [34] . Contextual cues, which profoundly stimulated eating in the present study, are also very powerful cues in drug addiction. Contextual cues associated with drug exposure play critical roles in drug craving and relapse [35, 36] .
Future studies are needed to answer a number of questions with regard to the mechanisms by which food cues stimulate eating in sated states. For example, cues might retrieve the affective component (emotional and/or visceral) that the animals experienced previously when they alleviated hunger with the same food in the conditioning context, or they might retrieve and enhance the sensory properties of the food, or they might enhance arousal and the speed by which food is consumed.
In summary, the present study shows that the environment in which food was consumed under food-deprivation can modulate subsequent feeding under sated conditions. After a few pairings with food consumption the feeding environment acquired conditioned motivational properties that allowed it to stimulate eating in a highly selective and specific manner. The important role of the feeding environment in the control of food intake shown here in an animal model might be relevant to human eating. Indeed, the environment in which food is consumed has been changing over the last 30 years in the USA. Increasingly larger proportions of the total daily intake are consumed in distinct environments such as restaurants and fast food places [37] . Thus, it is enticing to extrapolate the current findings from an animal model, and suggest that such distinct environments could acquire properties, through simple pairings with food consumption, that could allow them to control subsequent intake, similar to what we observed here in an animal model. This might be particularly relevant in the case of fast food and other chain restaurants that are designed to look uniform, and provide limited menu choices, and as such provide a good opportunity for specific food-context pairings. Nevertheless, future studies will determine whether cue-driven enhancement of food consumption that could lead to overeating, is indeed similar to craving, and whether this model is applicable to human eating.
